Tumor-infiltrating lymphoplasmacytic cells are a key feature of medullary carcinoma of the breast (MCB), a distinct subtype of human breast cancer that, despite cytologically anaplastic characteristics, has a more favorable prognosis than other types of breast cancer. Since it has been proposed that the improved clinical outcome is due at least in part to the presence of a prominent lymphoplasmacytic cell infiltrate in the tumor stroma, we recently examined the tumor-infiltrating B cell response in MCB and showed that it is oligoclonal and directed against an intracellular protein translocated to the cell surface upon MCB cell apoptosis. Human Abs cloned from MCB lymphoplasmacytic infiltrate-derived phage display libraries and reflecting the dominant part of the response were used to identify the target Ag as actin. Here, we have characterized in detail the cloned human IgG Abs and the translocation process of actin to the cell surface of apoptotic MCB cells. Our analysis shows that the cloned Abs bind specifically and with high affinity to actin, as determined by ELISA and surface plasmon resonance. Sequence analysis revealed that the Abs are highly somatically mutated, with high replacement to silent ratios, indicative of an Ag-driven, affinity-matured response. Interestingly, the tumor-infiltrating B cells in half the MCB patients mainly exhibited an IgG2 response, while IgG1 dominated in the others. To gain insight to the molecular events that may elicit such an Ab response, we examined the translocation of actin to the cell surface of apoptotic MCB cells using flow cytometry and laser scanning cytometry. Our results show that actin becomes exposed on the cell surface of a large proportion of apoptotic MCB cells as an early apoptotic event. We propose that the Ab response against actin produced by tumor-infiltrating B lymphoplasmacytic cells is Ag-driven, affinity-matured, and elicited due to the increased rate of apoptosis occurring within the MCB tumor that facilitates the translocation and proteolytic fragmentation of intracellular proteins. The Journal of Immunology, 2002, 169: 2701-2711.
H uman breast cancers can be divided into histopathologic subtypes with distinct biological and prognostic characteristics. Among these, medullary carcinoma of the breast (MCB) 4 represents a minor morphologically and biologically distinct group (3-7% of breast cancer) that, despite cytologically anaplastic features, has a more favorable prognosis than other types of breast cancer at similar stages of differentiation. In multiple studies the 10-year survival of MCB patients has been ϳ84 vs 63% for ductal breast cancer patients (1) (2) (3) (4) (5) (6) . MCB is characterized by prominent lymphoplasmacytic infiltrates in the tumor stroma. In addition, the morphological criteria includes well-circumscribed tumor borders, syncytial growth pattern with absence of glandular pattern, large pleomorphic nucleoli, increased mitotic rate, sparse necrosis, and no tubular component. These diagnostic criteria for MCB were originally defined by Ridolfi et al. (3) , but because their complexity led to high inter-and intraobserver variability, several groups have developed simplified definitions that have confirmed the prognostic importance and, in several cases, resulted in increased statistical survival in the MCB vs ductal carcinoma groups (1, 2, 6, 7) . Importantly, these simplified definitions always included the histopathologic criteria of lymphoplasmacytic cell infiltrate, demonstrating its importance to the improved prognosis and suggesting that the host immune response is involved in restraining tumor growth.
The current understanding of the molecular basis for the specific morphological and prognostic characteristics of MCB is very limited; however, recent studies have demonstrated alterations in the p53 gene in nearly 100% of MCBs and immunohistochemically verified accumulation of p53 in the nuclei of tumor cells in MCBs (8 -11) . In comparison, p53 alterations are found in only 20 -40% of invasive ductal breast cancers. MCB has also been found with high frequency among biopsy specimens from patients with BRCA1-associated breast cancer (12) , a marker that otherwise is only found in hereditary breast cancer. Finally, a recent study showed that while Ͼ80% of invasive breast carcinomas lost the expression of secreted frizzled-related protein 1, a protein expressed in the epithelial component of normal breast and involved in the cancer-influenced WNT pathway, MCB maintain the normal expression level (13) .
Several studies have analyzed the phenotypes of the lymphoplasmacytic cell infiltrate and demonstrated a predominance of cytotoxic CD8
ϩ T cells as well as large numbers of CD4 ϩ T, B, and plasma cells (3) . In contrast, no neutrophils were observed, indicating that the tumor-infiltrating leukocytes in MCB are not a nonspecific inflammatory response due to tumor necrosis or bacterial agents, but, rather, a result of specific stimuli. The Ig produced by the infiltrating plasma cells is predominantly of the IgG class, in contrast to IgA produced by plasma cells in normal breast glands (14) . Analysis of MCB-infiltrating T cells identified a significant number of granzyme B-positive activated cytotoxic T cells, and in comparative studies the frequency of these cells in MCB was significantly higher than in poorly differentiated ductal carcinoma (15) . Interestingly, granzyme B-positive activated cytotoxic T cells as well as plasma cells (16) were often located in close proximity to apoptotic MCB cells (15, 17) , suggesting that in situ lymphoid proliferation is influenced by tumor-related stimuli. This lead us recently to attempt to identify the antigenic target of the dominant Ab response generated by these tumor-infiltrating cells. By analyzing the MCB-infiltrating B lymphoplasmacytic cells and the Abs produced by these cells at the molecular RNA and protein levels, we demonstrated that the dominant clones in the tumorinfiltrating response were directed against the cytoskeletal protein ␤-actin (18) . We further showed that actin was exposed on the cell surface of MCB undergoing apoptosis, a frequent process in these tumors (8, 19, 20) , and that actin was proteolytically cleaved by T cell-induced granzyme B. These findings suggest that the humoral immune response against the self-Ag actin is elicited as a result of MCB apoptosis induced by T cells and/or intrinsic biological features. Another recent study examined the Ab response of tumorinfiltrating lymphocytic cells in MCB (21) . Although they were unable to identify the target Ag of the infiltrating B cell response, and thus could not specifically examine the Abs against the target Ag, they found, similar to our observation, that the Ab response in these tumors was oligoclonal and showed signs of an Ag-driven response.
In this study we extended the analysis of the oligoclonal response in MCB and analyzed in detailed the anti-actin Abs isolated from IgG phage display libraries generated from tumor-infiltrating B lymphoplasmacytic cells. We show that the anti-actin Abs are of high affinity, are highly specific for actin, and exhibit extensive somatic mutations and high replacement to silent ratios, all indicative of an Ag-driven, affinity-matured response. To gain insight into the molecular events inducing this response, we examined the translocation of actin to the cell surface of MCB using flow cytometry and laser scanning cytometry (LSC) and showed that actin is exposed on the surface of ϳ18% of apoptotic MCB cells as an early apoptotic event.
Materials and Methods

Patients
Formalin-fixed, paraffin-embedded tissue and fresh-frozen tissue from eight patients with typical MCB, as defined by Ridolfi et al. (3) , were examined. All the MCBs had significant lymphoplasmacytic infiltration, but no other special clinicopathologic features and no metastasis or confounding medical conditions, such as infections. Human materials were obtained according to human subject protocol 99-105 approved by The Scripps Research Institute's human subjects committee.
Ig subclass determination
RNA was isolated from 0.5-cm 3 blocks of the lymphoplasmacytic-rich, fresh-frozen MCB tissue to ensure that representative material was obtained. Multiple sections were cut and immediately ground in guanidium chloride/ME to avoid RNA degradation. The isolated RNA was reverse transcribed, and the cDNA generated from the different MCB samples were used as a template for Ig class and subclass determinations. Constant region-specific primers (IgG1, IgG2, IgG3, IgG4, and IgA) combined individually with a mixture of the variable H chain (V H ) family primers (V H 135, V H 4, and V H 4b) (22) were used for amplification of IgG1, IgG2, IgG3, IgG4, and IgA genes, and the amplified products were separated by electrophoresis using gels made of 2% UltraPure agarose (Life Technologies, Grand Island, NY) and 2% NuSieve agarose (BioWhittaker Molecular Applicants, Rockland, ME).
Library construction and phage selection
RNA isolated from the MCB tissues containing the tumor-infiltrating B cells were also used as starting materials for library construction using the pComb3 and pComb3H M13 surface display systems as previously described (23) . Specific Ab clones were selected from the phage libraries by panning on frozen tissue sections (24, 25) . In brief, phage resuspended in PBS containing 1% BSA (Sigma-Aldrich, St. Louis, MO) were incubated for 2 h at room temperature. Unbound phage were removed by washing five times with PBS containing 1% BSA. Bound phage, enriched for those bearing Ag-binding surface Fabs, were eluted with 0.2 M glycine-HCl buffer, pH 2.2. The eluted phages were amplified by infection of Escherichia coli and superinfection with M13 helper phage. The panning procedure was repeated five times, after which phagemid DNA was prepared from the last round, and the gene III fragment was removed by treatment with the enzymes NheI and SpeI (New England Biolabs, Beverly, MA), followed by ligation. The reconstructed phagemid was used to transform XL1-Blue cells (Stratagene, La Jolla, CA) to produce clones secreting soluble Fabs.
Soluble Fab expression and ELISA analysis
Fabs were expressed in bacterial supernatants, as previously described, with minor modifications (23, 24) . In brief, E. coli containing the appropriate clone was inoculated into liter cultures of superbroth containing carbenicillin (50 g/ml), tetracycline (10 g/ml), and MgCl 2 (20 mM) and grown at 37°C, with shaking, for 6 h. Protein expression was then induced with 2 mM isopropyl ␤-D-thiogalactopyranoside, and the cells were grown at 30°C overnight. The bacteria were pelleted by centrifugation, resuspended in PBS with 200 M PMSF, and freeze-thawed four times. The Fab-containing bacterial supernatants were collected after removal of the cell debris by centrifugation 15,000 rpm for 30 min at 4°C and were used for the different binding analysis.
The concentration of Fab in the bacterial supernatants was determined with an anti-IgG Fab sandwich ELISA. The ELISA wells (Costar, Cambridge, MA) was coated with goat anti-human IgG F(ab) 2 Ab (5 g/ml in PBS; Pierce, Rockford, IL) overnight at 4°C, washed three times with PBS, and blocked with 5% nonfat dry milk. Fab-containing supernatants in serial dilutions were incubated for 1 h at 37°C, followed by washing 10 times with PBS-0.05% Tween. Detection of bound human Fabs was conducted with alkaline phosphatase-labeled goat anti-human IgG F(abЈ) 2 Ab (Pierce) diluted 1/500 in PBS, and visualized with nitrophenol substrate (SigmaAldrich) by reading absorbance at 405 nm. The concentration of Fab in the preparations was determined by comparison with a standard curve generated from serial dilutions of a Fab with a known concentration run in parallel.
To assess specificity, supernatants were screened by ELISA against nonmuscle actin (2 g/ml; Cytoskeleton, Denver, CO), muscle actin (2 g/ml; Cytoskeleton), and a panel of unrelated Ags, including BSA (2 g/ml; New England Biolabs), annexin V (2 g/ml; Sigma), HIV-1 gp120 (2 g/ml; Intracell, Issaquah, WA), Fc fragment of IgG (2 g/ml; Jackson ImmunoResearch Laboratories, West Grove, PA), and DNA (10 g/ml; SigmaAldrich). Human Fabs or mouse anti-actin Ab were incubated with the test Ag for 2 h at 37°C, followed by washing 10 times with PBS-0.05% Tween. Detection of bound Ab was conducted with alkaline phosphatase-labeled goat anti-human IgG F(abЈ) 2 Ab (Pierce) or alkaline phosphatase-labeled goat anti-mouse IgG Ab (Pierce) diluted 1/500 in PBS and visualized as described above.
Nucleic acid sequencing
Nucleic acid sequencing was conducted on a 373A automated DNA sequencer (PE Applied Biosystems, Foster City, CA) using a Taq fluorescent dideoxy terminator cycle sequencing kit (PE Applied Biosystems). Comparison to reported Ig germline sequences from GenBank and EMBL was performed using the Genetic Computer Group sequence analysis program.
Surface plasmon resonance to measure Fab binding affinities
The kinetics of Fab binding to actin were determined by surface plasmon resonance-based measurements using an instrument from Biacore (Piscataway, NJ). Purified actin at a concentration of 4 g/ml in 10 mM acetate buffer, pH 4.0, was coupled to a CM5 sensor chip using N-hydroxysuccinimide/N-ethyl-NЈ-(3-dimethylaminopropyl) carbodiimide amine coupling chemistry. BSA, used as a negative control Ag, was coupled to a CM5 sensor chip at a concentration of 10 g/ml in 10 mM acetate buffer, pH 5.0. Typically, 300 resonance units were immobilized. The association and dissociation rate constants, k on and k off , were determined under a continuous flow rate of 10 l/min using a range of concentrations (5-2500 nM) of Fabs as previously described (26) . Association and dissociation constants were deduced from the kinetic data using Bioevaluation program version 3.1 (Biacore).
Cell culture
The human MCB cell line BrCaMz01, a gift from Prof. V. Möbus (Universitätsklinikum, Ulm, Germany) was grown as a monolayer in DMEM supplemented with 10% FCS (Tissue Culture Biologists, Tulane, CA), 1% nonessential amino acids, 1% L-glutamine, 1% sodium pyruvate, and 100 U/ml each of penicillin and streptomycin. The MCB cell line, MDA-MB-157, and the squamous carcinoma cell line HEp-2 (American Type Culture Collection, Manassas, VA) were maintained in RPMI 1640, 10% FCS, 1% glutamine, and 100 U/ml each of penicillin and streptomycin. The breast cancer cell line MCF-7 (American Type Culture Collection) was maintained in EMEM, 10% FCS, 1% nonessential amino acids, 1% L-glutamine, 1% sodium pyruvate, 1% HEPES, and 100 U/ml each of penicillin and streptomycin. All medium components were obtained from Life Technologies unless otherwise noted.
Apoptosis induction
Apoptosis was induced by incubating the cells with 100 ng/ml TNF-␣ (Upstate Biotechnology, Lake Placid, NY) and 1 g/ml cycloheximide (CHX) for 3-15 h at 37°C in 5% CO 2 . Apoptosis was also induced by treating cells with staurosporine (Sigma-Aldrich) at 5 M for 3-15 h at 37°C in 5% CO 2 . Staurosporine was dissolved in DMSO, and the final DMSO concentration in cultures was 0.2%. Control cells received 0.2% DMSO only. Apoptotic cells were detected by the TUNEL method using either the In Situ Cell Death Detection kit (Roche, Indianapolis, IN) according to the manufacturer's instructions, annexin V-FITC (BD PharMingen, San Diego, CA) staining of phosphatidyl serine exposed on the cell surface of apoptotic cells, or the APO-BRDU kit (Phoenix Flow Systems, San Diego, CA).
Cell were grown in culture flasks, and detached cells were collected from the culture medium and subsequently pooled with the cells that were detached by trypsinization (Life Technologies). To minimize trypsin-induced damage to the cells, the trypsin was neutralized by immediately adding soybean trypsin inhibitor (Sigma-Aldrich) after the cells had detached. The cells were washed three times with ice-cold PBS and resuspended in FACS buffer (HBSS (Life Technologies), 2% BSA (SigmaAldrich), and 25 mM HEPES (Life Technologies)).
Flow cytometry
BrCaMz01 cells resuspended in FACS buffer were incubated with mouse anti-actin Ab (clone C4; Roche) or control mAbs (M2 (Sigma-Aldrich), HA (Roche), p53 (Santa Cruz Biotechnology, Santa Cruz, CA)) for 30 min on ice. Cells were washed twice with PBS, resuspended in FACS buffer containing Cy5-conjugated goat F(ab) 2 anti-human IgG F(ab) 2 Ab (Jackson ImmunoResearch Laboratories), and incubated in ice for 30 min. In addition, cells were stained for apoptosis using FITC-labeled annexin V (BD PharMingen) and propidium iodide (PI; Sigma-Aldrich) according to the manufacturer's instructions. Flow cytometric data were acquired using a FACSCalibur or a FACS Sort flow cytometer (BD Biosciences, San Jose, CA), equipped with dual lasers. Data were collected and analyzed using CellQuest software (BD Biosciences).
LSC and immunocytochemical analysis using confocal laser scanning microscopy
Initially, data were collected by flow cytometry using a laser scanning cytometer from CompuCyte (Cambridge, MA), but additional single cells from selected gates were examined by the attached Olympus BX50 microscope (New Hyde Park, NY). Images of cells were generated by the CompuColor feature in the software and by a CCD camera. For confocal analysis of the apoptotic cells, incubation was performed in suspension as described above. Cells were fixed with ice-cold ethanol for 5 min, followed by four washes with PBS and blocking with 5% normal goat serum (BioSource International, Camarillo, CA) for 30 min. Fabs, diluted in PBS, were incubated for 1.5 h at room temperature. Fabs were detected using an FITC-labeled goat anti-human IgG F(ab) 2 (Jackson ImmunoResearch Laboratories) or Cy5-labeled goat F(ab) 2 anti-human IgG F(ab) 2 Ab (Jackson ImmunoResearch Laboratories). When appropriate, the cells were also incubated with FITC-labeled annexin V, and PI was added in the final step at 5 g/ml for 10 min. Between all incubations, cells were washed five times for 3 min each time with PBS. The slides were mounted with Slow Fade in PBS/glycerol (Molecular Probes, Eugene, OR) before analysis using a Zeiss Axiovert S100 TV confocal microscope (New York, NY). As controls, all experiments were conducted omitting the primary Ab.
Immunohistochemical analysis
Fresh-frozen MCB tissue sections fixed in 96% ethanol for 5 min and incubated with the avidin/biotin blocking kit (Vector Laboratories, Burlingame, CA) were examined by a panel of lymphocytic markers including anti-CD8 (clones 4B11 and 1A5), anti-CD20 (clone L-26; all from Novocastra, Newcastle, U.K.), B lymphocyte Ag BLA.36, anti-CD3 (both from DAKO, Carpinteria, CA), and anti-cytokeratin 18 (CY-90; Sigma-Aldrich) to determine the cell type present in the mononuclear cell infiltrate as previously described (27) . Bound Abs were visualized using the Elite Vectastain ABC kit (Vector Laboratories) and the liquid diaminobenzidene substrate kit (Zymed Laboratories, South San Francisco, CA). As controls, all experiments were conducted omitting the primary Ab.
Results
Characterization of the lymphoplasmacytic cell infiltrates in MCB
Initially, fresh-frozen tumor tissue from eight MCBs, all fulfilling the criteria of Ridolfi, were obtained, and the characteristics of the tumor mononuclear cell infiltration were examined using morphology and immunohistochemistry. All eight patients had good clinical outcome following surgery, with a minimum 7-year diseasefree interval. As shown in Fig. 1 , exemplified by one representative tumor, all eight MCBs exhibited significant diffuse lymphoplasmacytic infiltration containing significant numbers of T, B, and plasma cells, whereas no neutrophils were observed. The infiltrating T, B, and plasma cells were found in both the intratumoral stroma and within tumor cell nests, as observed by others (2, 15, 16) .
The MCB-infiltrating Ab response is of the IgG1 and IgG2 subclass
Previous analysis of the Ig VDJ segments from the MCB-infiltrating lymphoplasmacytic cells showed that the B cell response was oligoclonal (18) . To evaluate the Ig subclass distribution of this oligoclonal response, total cellular RNA isolated from each of the MCB tissues were reverse transcribed into cDNA and amplified by PCR using a panel of subclass-specific primers. Interestingly, the IgG2 subclass, which generally constitutes only a minor part of the Ab response, was responsible for a major part of the response in four of seven tumors, while in the others the IgG1 subclass dominated as expected. The three most different examples are shown in Fig. 2 , including MCB RH-12 exhibiting IgG2 dominance; MCB N-21 exhibiting about equal dominance of IgG1, IgG2, and IgG3; and MCB N-1 exhibiting IgG1 dominance. In none of the MCB cDNA samples was IgA amplified, which is in distinct contrast to normal breast tissue, where IgA represents the major Ig class (28) . Furthermore, the cDNA for IgG3 and IgG4 were only weakly amplified or were not amplified at all. No correlation between the dominance of a particular Ig subclass and the clinical parameters was observed.
MCB-infiltrating Abs specifically recognize actin
Using Ag purification and mass spectrometry we previously showed that the Ag of the dominant Ab response in MCB recognized actin. To examine whether the dominant MCB-reactive IgG Fabs cloned from the two tumor-infiltrating lymphoplasmacytic cell-derived phage display libraries were monospecific for actin, they were tested for binding to a panel of Ags, including rabbit skeletal muscle actin (which exhibits 100% homology with human skeletal muscle actin), non-muscle actin (isolated from human platelets, a mixture of ␤-and ␥-actin), BSA, HIV-1 gp120, the Fc fragment of IgG, and annexin V by ELISA. As shown in Fig. 3 , Fabs HB21, HB24, RH49, RH87, and RH63 bound to non-muscle and muscle actins, but not to the other Ags, ruling out polyreactivity of the Fabs. Interestingly, the Fabs exhibited stronger reactivity with non-muscle than with muscle actin. Non-muscle actin and actin showed 94% homology, with a difference at the amino acid level in 25 positions. Several of the Fabs were also tested for binding to Western blots of MCB cell lysates and showed staining of only one band with the mobility of 43 kDa corresponding to actin (data not shown).
The RH-12 library was constructed in the pComb3 vector and the N-21 library in the pComb3H vector, which allowed us to verify that no cross-contamination had occurred during selection. Furthermore, the RH-12 Ab library was of the IgG2 subclass, and the N-21 library was of the IgG1 subclass, since the dominant responses of the two donor tumor-inflating responses were of the IgG2 and IgG1 subclasses, respectively. The library differences allowed us to verify that the specificity of the dominant clones in the tumor-infiltrating lymphoplasmacytic response of both MCB patients was truly against actin.
Nucleotide and amino acid analyses of anti-actin Abs isolated from the MCB-infiltrating lymphoplasmacytic cell-derived phage display libraries
We next examined whether the anti-actin IgG Abs isolated from the phage display libraries of two MCB patients exhibited signs of being evolved as a result of an Ag-driven response. The variable H and L chain genes of the anti-actin IgGs were compared with the closest germline sequences in the GenBank database. The deduced H chain amino acid sequences are shown in Fig. 4 .
Because previous studies have shown that the Ab H chain is usually the major contributor to Ag binding (29) , detailed analysis was focused on the H chain. All variable H chain region genes of the anti-actin IgGs were significantly mutated, with nucleotide and amino acid homologies to the closest germline in the range of 91-99% (average, 94%) and 86 -99% (average, 93%), respectively, characteristic of an affinity-matured Ab response (Table I ). All the anti-actin IgGs used germline genes of the dominant V H 1 and V H 3 families. The identification of the closest germline D segment proved difficult due to significant somatic modification, including N additions, deletions, and inversions. A wide panel of different D segments was used, and no obvious restriction was found (data not shown). Furthermore, the variable H chain genes exhibited a high replacement (R) to silent (S) mutation ratio (R/S ratio) for the complementarity-determining regions (CDR1 and -2) compared with the framework regions (FR1, -2, and -3; Table I ). To probe for general trends in somatic mutation in the tumorinfiltrating Abs, we analyzed the amino acid replacement frequency (mutated amino acids/total amino acids) and the nucleotide replacement frequency (mutated nucleotides/total nucleotides) for the individual CDR and FR regions using published germline sequences (Fig. 5) . The amino acid replacement frequencies of the different regions were: FR1, 3%; CDR1, 15%; FR2, 6.3%; CDR2, 16.8%; and FR3, 6.8%. Overall, these replacements are similar to those reported for circulating Ag-specific Abs (30 -33) .
Analysis of the clones isolated by tissue panning of the RH-12 IgG2 library showed that 9 of 21 had a similar H chain variable sequence (named the RH63), which was also identical with one of the dominating clones from the previous VDJ repertoire analysis used to evaluate oligoclonality. Interestingly, the RH63 sequence was not found among the 10 clones sequenced from the unselected RH-12 Ab library, indicating that amplification of this clone related to its Ag specificity and not to a bias in the library. When the H chain sequences of the RH63-like group of clones were analyzed in more detail, most contained nucleotide differences that, for six clones, also resulted in amino acid differences, indicating that the clones were somatic variants of one and another presumably evolved from a common ancestor. Further analysis of the pattern of the mutation allowed for generation of a genetic tree that demonstrated that the clones were probably derived from a common progenitor B cell through at least four rounds of division and differentiation (Fig. 6) . Interestingly, the RH63 family had a threeamino acid insertion in the CDR1 compared with the closest germline gene V H 3-49. When the L chains of the six clones with the RH63-like H chain sequence were sequenced, all were completely different, and multiple variable L chain germline genes of both and were used (Fig. 7) , demonstrating the importance of the RH63 H chain for binding to its Ag. The variable L chain region genes used were also significantly mutated, with nucleotide homologies to the closest germline in the range of 85-96%. In addition to the RH63 family, the clones HB49 and HB87 were repeatedly retrieved by selection of the RH-12 library, and both were identical with two of the dominant clones from the VDJ repertoire analysis. Detailed analysis of the clones with the HB49-and HB87-like sequences revealed no intraclonal variants, as observed for the RH63 family.
Analysis of the H chain variable sequence of the clones isolated by panning of the N-21 IgG1 library showed that four clones, HB21, HB24, HB28, and MC6, dominated and also represented the dominant part of the response as determined by the VDJ repertoire analysis. As observed for the RH-12 library, analysis of the H chain variable sequences of the HB21, HB28, and MC6 groups revealed multiple somatic variants (Fig. 4) . In contrast to the RH63 family, where the clones seem to be derived from one progenitor cell, the members in the HB21 family seemed to derive from multiple progenitor cells that had converged to contain a common H chain CDR3 (Table I) . While HB21 and hb130 used VH3-23 as closest germline gene, hb22 used VH3-11, and hb128 used VH1-69 as closest germline gene. With respect to the L variable genes, all four clones used the common Kv325 as closest germline gene (Fig. 7) .
Fab affinity for actin
Abs of the IgG class involved in an active immune response generally exhibit high affinity for their autoantigen. Therefore, we next determined the kinetic constants for the interaction of selected antiactin Fabs and actin by surface plasmon resonance. The K d measured for Fabs RH63 and HB21 were 100 and 200 nM, respectively. Thus, the high degree of somatic mutation, the high R/S ratio, the intraclonal variants, and the affinity for the autoantigen indicate that these anti-actin IgG Abs are derived from MCB-infiltrating, B lymphoplasmacytic cells involved in an active immune response.
Actin becomes exposed on the cell surface of MCB cells at an early phase of apoptosis
Cancer cells undergo apoptosis at a higher frequency in MCB than other types of breast cancer (8, 19, 20) , and we have shown by confocal microscopy that actin became exposed on the cell surface of apoptotic MCB cells, suggesting a mechanism by which the humoral immune system would encounter this intracellular Ag and elicit a local immune response within the tumor. To obtain more quantitative data on the surface exposure of actin and to evaluate when in the apoptotic process actin becomes exposed, MCB cell cultures were analyzed by flow cytometry and laser scanning cytometry.
BrCaMz01 MCB cells induced with TNF-␣ and CHX to undergo apoptosis were initially processed as monolayers in chamber slides. However, since the cells undergoing apoptosis rounded and detached from the plastic surface during the staining procedure, this approach was not practical. MCB cell cultures induced to undergo apoptosis were instead processed in suspension, as described in Materials and Methods. BrCaMz01 MCB cells, either untreated (Fig. 8, columns 3 and 4) or committed to apoptosis after exposure to TNF-␣/CHX (Fig. 8, columns 1 and 2) , were simultaneously incubated with an anti-actin Ab (C4) or isotype-matched control Abs, FITC-labeled annexin V, and PI. The isotype-matched control Abs included an Ab against talin, a cytoplasmic protein found in MCB cells, an Ab against p53, and an Ab against a FLAG-tag. The anti-actin Ab and the isotope controls were detected with Cy5-labeled anti-mouse IgG Ab. PI was included in all the experiments to ensure the integrity of the membrane throughout the entire procedure by excluding the possibility that anti-actin Abs bound intracellular actin instead of cell surface-exposed molecules. Apoptotic cells were visualized by the binding of annexin V to phosphatidylserine on the cell surface and at the same time exclusion of the vital dye PI. In initial experiments apoptosis was also identified by staining for caspase-3 and by TUNEL. Good agreement was observed for the number apoptotic cells identified with the three techniques (data not shown).
In each flow cytometry experiment a first gate was set to include the whole population of intact cells (Fig. 8, row 1) . Next, a second set of gates was set to include the apoptotic (FITC ϩ /PI Ϫ ) or the necrotic (FITC ϩ /PI ϩ ) cell populations, respectively (Fig. 8, row  2) . Interestingly, a small amount of BrCaMz01 MCB cells (2-3%) was found to be apoptotic even in noninduced cultures. When TNF-␣/CHX was added to the culture, the fraction of apoptotic cells increased to 17-18%. The anti-actin Ab, C4 (Fig. 8, row 3) , but not the isotype-matched control Abs, bound to the apoptotic cells. In contrast, live BrCaMz01 MCB cells were not stained with either the anti-actin Ab or the control Ab. In the apoptotic cell population 17.5% of the cells were stained with the anti-actin Abs (bright Cy5), as opposed to only 0.4% in the healthy cell population (Fig. 8, row 4) . The anti-actin Ab, but not the control Abs, also bound to a fraction of the 2-3% of spontaneously apoptotic BrMzCa01 MCB cells from the untreated cell culture.
The MCB cell samples induced to undergo apoptosis were also analyzed by LSC. This method, in addition to collection of flow cytometry data, allows microscopic views of the individual cells in the different populations. Initially, data were collected by flow cytometry, and subsequently, cells from selected gates were viewed in the microscope. As shown in Fig. 9 , the amount of actin accessible to binding by anti-actin Ab increased dramatically when binding of the apoptotic marker reached a certain threshold level, indicating that actin became exposed on the MCB cell surface at a particular (distinct) early stage of apoptosis. Images of cells collected in the Cy5 ϩ /FITC ϩ gate were generated by CompuColor, visualizing the locations of the blue and green stains. Images of cells from outside this gate appeared negative for both Cy5 and FITC, and only the PI stain was seen, indicating that only apoptotic cells reacted with the anti-actin Abs. To determine the cellular distribution of anti-actin Ab bound to apoptotic cells (Cy5 ϩ FITC ϩ PI Ϫ ) in more detail, high resolution images were obtained by confocal laser scanning microscopy. These images confirmed that a significant number of apoptotic cells exhibited surface staining by the anti-actin Ab, as shown by the blue Cy5 stain (data not shown). In contrast, apoptotic cells incubated with the isotype-matched control Abs (anti-talin Ab or anti-FLAG Ab) exhibited no Cy5 staining. PI ϩ necrotic cells exhibited cell surface staining with neither the anti-actin Ab nor annexin V. The analysis also showed that not all cells were apoptotic or necrotic, since completely unstained cells (Cy5 Ϫ FITC Ϫ PI Ϫ ) were seen on the differential interference contrast microscopy image (data not shown).
Discussion
We analyzed the Ab repertoire produced by the tumor-infiltrating lymphoplasmacytic cells of MCB and examined the biological process that may allow such Ab repertoires to be elicited. Diffuse infiltration of lymphocytes, as seen in MCB, is also observed among a small number of other malignant solid tumors, including nasopharyngeal and gastric carcinomas, seminomas, and melanomas. Interestingly, the presence of such lymphoid infiltration within some of these malignant tissues has been correlated to a favorable prognosis (34, 35) . This is particularly apparent for MCB, where a recent study found diffuse stromal infiltration of mononuclear cells as one of four histopathologic characteristics correlating to a better prognosis (36) . Seven other histopathologic characteristics normally associated with MCB were not found to correlate with improved prognoses. Furthermore, risk factors such as lymph node status, invasion, steroid receptor status, and menopause, which are of major prognostic importance in breast cancer, had minimal prognostic value in MCB, indicating that MCB is a subtype with unique biological features (37) . Because some form of immune surveillance seems to occur, the cell types of the MCB infiltrate have been intensely studied (15, 38 -40) . In addition, enhanced tumor cell apoptosis (8, 19, 20) and elevated levels of metastasis-inhibiting factors (8) or adhesion molecule ICAM-1 (38) have been suggested to influence the prognosis of MCB.
Generally, the role of the spontaneous immune response in controlling tumor growth and spread remains controversial. For most cancers, the immune system seems to have a limited effect, partially due to low immunogenicity and distortion of various effector functions of the infiltrating immune cells. However, detailed analysis of human tumor responses has led to the identification of a number of tumor-associated Ags that can be classified into categories according to their expression pattern, function, or origin: tumor-specific expressed Ags, differentiation Ags unique to a particular cell lineage, mutational Ags, and overexpressed self-Ags (41, 42) . Spontaneous immune responses elicited by these Ags are either predominantly cellular, e.g., tyrosinase and Melan A/MART-1, or associated with a strong humoral immune component, e.g., NY-ESO-1 and p53 (42) . The identification of these tumor-associated Ags (FR1, DR1, FR2, DR2, and FR3 ) was calculated as the number of changes divided by the total number of nucleotides for the region. Similarly, the average percentage of amino acid substitution for individual regions was calculated as the number of amino acid changes divided by the total number of amino acids for the region. indicates that at least some cancers are immunogenic, capable of eliciting limited humoral and cellular responses. In addition, circulating autoantibodies against several self-Ags have been described in patients with different cancers (43) (44) (45) . The nature of such autoantibody responses, including whether they directly relate to the cancer process and/or represent major specificities in the Ab responses, is relatively unknown. To date, most studies have only analyzed crude sera for their binding analysis, and the Abs of interest have not been purified or cloned, which would allow more detailed characterization, such as affinity and specificity measurements (43) (44) (45) . Our study used phage display to clone and express the Ab response and tissue selection to identify the dominant clones, which were subsequently used as probes to identify the major specificity of the response. Surprisingly, the specificity was found to be the self-Ag, ␤-actin, which is prevalent in most cells, rather than a tumor-specific molecule. Two Ab libraries were generated, each using RNA isolated from a large part of the whole tumor of an individual MCB patient as starting material. However, only the H chain variable chain genes of the B cells/plasma cells that had been Ig switched to IgG were amplified and used for the library construction. Since plasma cells contain 1000 times more mRNA encoding Ig than resting B cells, and our analysis showed that many plasma cells were present in the MCB tumors used, it seems likely that the major part of the library repertoire derives from plasma cells, while a minor part derives from activated IgG-switched B cells. Previous work with IgG phage display libraries generated from bone marrow of patients has shown that high affinity Abs with a given specificity are only isolated from relatively small immune libraries similar to that generated here, if the donor has reasonable numbers of specific plasma/B cells and corresponding serum Abs with the given specificity. Similar Abs were not isolated from seronegative donor libraries, demonstrating the importance of the immunization process (24, 46, 47) . In addition, competition between the selected phage display Abs and the serum of the donor verified cloning of the major specificities of the serum response (48) . These data allow us to be confident that the cloned anti-actin specificities reflect those synthesized in vivo by these tumor-infiltrating plasma cells in MCB rather than being an artifact generated by recombination of the Ig H and L chains.
Substantial evidence also supports the concept that anti-actin Abs represent the major Ab response in MCB and not simply a minor specificity isolated due to the high expression level of actin in both cancer cells and connective tissue. The selected anti-actin Abs, although not dominating the Ab libraries, represented the dominant clones in the immune response, as determined by VDJ sequence analysis (18) . In addition, all selected Ab clones retrieved from the two MCB patients exhibited similar cytoplasmic staining patterns and actin reactivities. Since the two Ab libraries generated from the two MCB patients were of different Ig subclasses and generated in two different vectors (allowing them to be clearly distinguished by their electrophoresis band sizes following vector excision of the gene III), we are certain that the selected anti-actin clones were not the result of cross-contamination between the libraries. Finally, that the anti-actin response is Ag driven was shown by the presence of multiple Ab clones that were somatic variants of one and another, by significantly variable region mutation compared with the closest germline sequence, and by a high R/S ratio.
Generally, actin is relatively nonimmunogenic, and it is very difficult to generate mouse mAbs against actin, since an Ab response is not raised in the mice by standard immunization procedures (49) . In addition, autoimmune patients with autoantibodies to a variety of autoantigens seldom have Abs against actin, with the exception of some patients with type 1 autoimmune hepatitis (50, 51) . In these cited studies, anti-actin Abs were not present in a large panel of sera from patients with ductal breast adenocarcinoma (50, 51) . Our previous findings suggested that the cause of the immune response against the intracellular protein actin in MCB relates to the increased rate of MCB cell apoptosis within the tumors; however, little was known about the quantitative and spaciotemporal parameters of this process (8, 18 -20) . Annexin V binding due to loss of membrane asymmetry and cell surface exposure of phosphatidylserine has been found to be an early event of apoptosis and precedes both characteristic morphological changes, nuclear condensation and DNA fragmentation (52, 53) . Interestingly, our laser scanning cytometric analysis showed that actin became exposed on the cell surface at a distinct phase in the apoptotic process and at a time point where annexin V had intermediate intensity and had not yet reached a maximum signal. This indicates that the actin exposure is a relatively early apoptotic phenomenon that occurs at the so-called execution phase. In addition, flow cytometric analysis allowed us to quantify the frequency of apoptotic MCB cells expressing actin on the cell surface and demonstrated that ϳ18% of annexin V ϩ PI Ϫ cells had actin exposed on the cell surface. In agreement with these observations, actin has been shown to accumulate at the periphery of apoptotic blebs early during the apoptotic process and to play an essential role in the different morphological changes occurring during apoptosis (54 -56) .
There are at least two possible explanations for the increased rate of apoptosis in MCB vs other breast cancers. MCB cell apoptosis may be caused by CTLs and/or by intrinsic biologic features that distinguish MCB cells from other breast cancer cells and render them more susceptible to apoptosis. As in other cancers with mononuclear cell infiltrates, such as EBV-associated gastric cancer and cervical, colorectal, and ductal breast carcinomas, the predominant phenotype of the tumor-infiltrating T lymphocytes in MCB is CD8 ϩ (57). However, an increased fraction of these CTLs was found to be activated in MCB compared with ductal breast carcinomas (16, 40) . Interestingly, a higher percentage of MCB cells express MHC classes I and II, and the average expression levels are higher than on infiltrating ductal carcinoma cells, allowing more effective tumor Ag presentation (39) .
MCB cells form syncytia or giant cells with multiple nuclei. Such syncytia are normally observed only after infection with certain viruses, such as EBV, but no virus has been isolated from MCB cells to date (15) . The loss of E-cadherin expression, a transmembrane protein and a prominent factor in maintaining the epithelial architectural structure, has been found to be significantly associated with the syncytial growth pattern (58) . Interestingly, the cytoplasmic domain of E-cadherin is closely connected to the actin skeleton network via a complex of ␣-, ␤-, and ␥-catenins (59, 60) . An association between BCRA1 germline mutation and syncytial growth has also been observed (61, 62) . It seems likely that several factors influence syncytial growth, and both BCRA1 and E-cadherin play important, but not exclusive, roles (58) . Syncytial cells with fused and subsequently obliterated cell surface membranes may be more unstable and more susceptible to apoptosis.
Interestingly, we also found actin (18) , similar to certain other autoantigens (63, 64) , to be uniquely cleaved by the LAK-and CTL-specific protease, granzyme B, and found these actin fragments in MCB tissue, suggesting that CTLs play an important role in the MCB apoptotic process. It seems likely that the surface exposure of actin, either as aggregates or fragmented molecules, in the context of other apoptotic proteins, may render actin immunogenic. Similarly, other investigators have identified other intracellular Ags that were also exposed on surface blebs of apoptotic cells and elicited autoantibodies (65) (66) (67) . Multiple factors other than apoptotic presentation of intracellular Ags, such as particular cytokine profiles and APC, are probably required for development of the anti-actin Ab response.
Several studies have found a correlation between poor prognosis of cancers and autoantibody levels (68 -72) . In breast cancer, particular interest in such correlations has focused on anti-53 autoantibodies, where some studies observed a correlation between poor prognosis and increased levels of anti-53 autoantibodies (70, 71) , although these results could not always be confirmed by others (72) . It may, therefore, seem surprising that the favorable prognosis of MCB correlates with anti-actin autoantibodies. A likely explanation is that different biological processes may lead to autoantibody production. Autoantibodies observed in some tumors may be due to large tumor masses and necrosis exposing a large amount of autoantigen to the immune system. Alternatively, as suggested for p53, in which mutations have been found to be associated with more aggressive tumors and poorer prognosis of breast cancer, the mutated p53 tends to have a much longer half-life than the wild-type p53, leading to accumulation of the protein and anti-p53 Ab production (70, 71) . In contrast, the anti-actin Abs observed in MCB are probably a result of increased tumor cell apoptosis; thus, these Abs serve as a marker of a beneficial biologic process.
In summary, our study shows that the Abs derived from the oligoclonal B lymphoplasmacytic cells in MCB are generated as a result of an Ag-driven, affinity-matured IgG response against actin as a result of subcellular translocation and protein fragmentation. Detailed analysis of the translocation of actin to the cell surface of MCB showed that actin is exposed on the surface of ϳ18% of apoptotic MCB cells as an early apoptotic event and support the concept that the major portion of autoantibodies is elicited as a result of the perturbed state of apoptosis in cancer and autoimmune disease. As indicated above, the anti-actin IgG autoantibodies observed are most likely not directly responsible for the favorable prognosis, but result from T cell-mediated apoptosis of MCB cells and/or intrinsic biological features of MCB cells, thus serving as a marker of the pathogenic process. Further elucidation of the cellular arm of the immune response in MCB and the biological features intrinsic to these cancer cells, presumably also partially responsible for the increased apoptotic rate, should give clues to the favorable prognosis of MCB.
